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NEAR-FIELD MESH ADAPTATION FOR CONTRAIL MODELING OF A SUPERSONIC AIRCRAFT

The International Civil Aviation Organization (ICAO) needs to define standards for the advent of this new generation of supersonic aircrafts. In this context, the SENECA EU H2020 project aims at quantifying the NO x , H 2 O and contrails climate effects from supersonic aviation. 3D RANS contrails simulations are performed during the jet phase with a realistic supersonic aircraft configuration. A crucial step of the contrail simulation process related to the grid mesh optimization is described and analysed in this paper.

INTRODUCTION

As new configurations of supersonic aircrafts are expected to enter the market in next years, it is important for the International Civil Aviation Organization (ICAO) to define new certification regulations. In this context, the SENECA project aims at developing a good understanding and a detailed modelling of the LTO noise and global climate effects of water vapour, NOx and contrails. Our aim of the project is to model the formation of contrail that could occur at supersonic cruise altitude. The role played by contrail and induced cirrus remains uncertain [START_REF] Lee | The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018[END_REF]. The formation and the evolution of contrail involve many complex processes controlled by aerodynamic, thermodynamic, and microphysics. The jet-phase, which represents the first instants of the contrail formation, is strongly dependant on the engine emissions and the aircraft configuration, due to the interaction between the wing-tip vortex with the exhaust flow. Previous studies have already been performed at ONERA for modelling the contrail formation with a realistic subsonic aircraft configurations [START_REF] Ghedhaïfi | Influence of atmospheric conditions on contrail formation: 3D simulation versus Schmidt-Appleman criterion[END_REF][3] [START_REF] Montreuil | Numerical Simulation of contrail formation on the Common Research Model wing/body/engine configuration[END_REF]. Hence, this work extends those previous studies to a supersonic jet. Three dimensional Reynolds-Averaged Navier-Stokes (RANS) simulations of the flow around the E-19 Aeolus jet are performed with the ONERA Computational Fluid Dynamics (CFD) code CEDRE [START_REF] Refloch | [END_REF]. A mesh adaptation is carried out with the FEFLO software [START_REF] Loseille | Achievement of second order mesh convergence for discontinuous flows with adapted unstructured mesh adaptation[END_REF] from INRIA to refine the mesh in areas of interest for the contrail formation. This paper focuses on the description and analysis of the mesh adaptation process and its validity for the aerodynamic jet-phase modelling. The associated contrail formation simulation is finally presented using the contrail module of CEDRE.

COMPUTATIONAL FLUID DYNAMICS

To simulate the plume behind the E-19 jet during the jet-phase, 3D simulations are carried out using the compressible multi-species Navier-Stokes solver CHARME integrated in the CEDRE numerical code. This code is using numerical methods based on cellcentered finite-volume approach on unstructured grids. The differential Navier-Stokes equations used in CEDRE [START_REF] Refloch | [END_REF] are the 𝑘 mass conservation equations (1), the 3 momentum conservation equations [START_REF] Ghedhaïfi | Influence of atmospheric conditions on contrail formation: 3D simulation versus Schmidt-Appleman criterion[END_REF] 

𝜕 𝜕𝑡 (𝜌̅ 𝑒̃𝑡) + 𝜕 𝜕𝑥 𝑗 (𝜌̅ 𝑢 ̃𝑗ℎ ̃𝑡) = 𝜕 𝜕𝑥 𝑗 (𝜌̅ 𝑐 𝑝 𝛼 𝜕𝑇 ̅ 𝜕𝑥 𝑗 + ∑ (𝜌̅ ℎ ̃𝑡𝐷 𝑘 𝜕𝑌 ̃𝑘 𝜕𝑥 𝑗 -𝜌̅ ℎ ̃𝑡𝑢 𝑗 " 𝑌 𝑘 " ̃) 𝑘 -𝜌̅ 𝑢 𝑗 ′ 𝑇′ ̃+ 2µ𝑆 𝑖𝑗 𝑑 ̃-𝜌̅ 𝑢 𝑗 " 𝑢 𝑖 " ̃𝑢 ̃𝑖), (2) 
with ρ the density, Y k the mass fraction of the k th species , u the velocity, x the coordinates, 𝐷 𝑘 the diffusion coefficient for the k th species in the gas mixture, 𝜔̅ 𝑘 the mass production rate for the 𝑘 𝑡ℎ species, 𝑔 the gravity constant, 𝛿 the Kronecker delta, µ the dynamical viscosity of the gas mixture, 𝑆 𝑑 the deviator strain-rate tensor, 𝑒 𝑡 the gas mixture total energy, ℎ 𝑡 the gas mixture total enthalpy, 𝑐 𝑝 the gas mixture specific heat capacity at constant pressure and 𝑇 the gas mixture static temperature. The index 𝑗 is used to specify the components, 𝑖 to characterize the momentum equation component, and 𝑘 to identify the species. The Favre average, corresponding to a density-weighted and time average decomposition, is used in those equations. All variables Φ are then decomposed in a mean part Φ ̅ and a fluctuating part Φ " :

Φ = Φ ̃+ Φ " , (4) 
with Φ ̃= 𝜌Φ ̅̅̅̅̅ 𝜌 ̅ .

In both momentum and energy equations, the Reynolds stress tensor 𝑢 𝑗 " 𝑢 𝑖 " ̃ appears and needs to be modeled. In this study, the Boussinesq hypothesis and the twoequation 𝐾 -𝜔 with SST correction from Menter [7][8] are used to calculate the Reynolds stress tensor. A specific formulation is used to calculate the production term using vorticity instead of deformation, which is adapted for supersonic cases.

In this study, it is assumed that the complete gas-phase reactions and microphysics phenomena have no impact on the aerodynamics of the flow for the jet-phase. Thus, for the mesh adaptation process study presented in section 4, the atmospheric composition is characterized with the two main atmospheric species: O 2 and N 2 . The molar fraction of O 2 and N 2 are respectively set to 0.21 and 0.79.

RANS CONFIGURATION

Aircraft configuration

In order to accurately model contrail formation processes, a 3D RANS simulation is performed using the E-19 Aeolus's CAD developed by Cranfield University and presented on Figure 1. 

Computational Domain

The computational domain contains half of the aircraft geometry. One of the box face is set as a symmetry plane. 

Boundary Conditions

For the supersonic cruise, the reference altitude and the Mach number are respectively set to ℎ = 16339 m and 𝑀 = 1.6. The total temperature and total pressure are respectively 𝑇 0,𝑎 = 327.7 K and 𝑃 0,𝑎 = 0.409 atm. Thus, the static conditions for the ambient atmosphere are: 𝑇 𝑎 = 216.73 K and 𝑃 𝑎 = 9750 Pa. The wind velocity is then ‖𝑉 ⃗ 𝑎 ‖ = 472.16 m/s. The Table 2 sums up the boundary conditions of the computational domains. The angle of attack needs to be calculated for the E-19 Aeolus jet. For a supersonic aircraft, the angle of attack can be calculated with the following relation lift coefficient is defined by:

𝛼 = 𝐶 𝐿 4 √𝑀 2 -1, (5) 
with 𝐶 𝐿 the lift coefficient. The lift can be calculated by:

𝐹 𝐿 = 1 2 𝜌 𝑎 ‖𝑉 ⃗ 𝑎 ‖ 2 𝑆 𝑟𝑒𝑓 𝐶 𝐿 , (6) 
with 𝜌 𝑎 the ambient density and 𝑆 𝑟𝑒𝑓 the reference surface. The reference surface is the projection of the aircraft surface in the plane along the flow which is around 203 m² for the E-19 Aeolus jet. For cruise regime, the lift is balancing the weight of the aircraft, thus the lift coefficient becomes using (6):

𝐶 𝐿 = 2𝑚𝑔 𝜌 𝑎 ‖𝑉 ⃗ 𝑎 ‖ 2 𝑆 𝑟𝑒𝑓 , (7) 
with 𝑚 the aircraft mass. The angle of attack thus becomes:

𝛼 = 𝑚𝑔√𝑀 2 -1 2𝜌 𝑎 ‖𝑉 ⃗ 𝑎 ‖ 2 𝑆 𝑟𝑒𝑓 . ( 8 
)
The empty weight of the aircraft is 20228 kg and the full fuel weight is 45000 kg, which gives a range of 𝐶 𝐿 between 𝐶 𝐿 = 0.056 and 𝐶 𝐿 = 0.125 and a range of angle of attack between 𝛼 = 1.00° and 𝛼 = 2.23°. Thus, an angle of attack 𝛼 = 2° is chosen to be imposed, which implies that around 4.6 tons of fuel (18.7% of total fuel mass) where used before the studied cruising point. The corresponding value for the lift coefficient is thus 𝐶 𝐿 = 0.112. To respect the angle of attack, as the aircraft is oriented along the x axis, same conditions are imposed on the bottom face of the box and on the inlet. Figure 2 shows the boundary conditions for the computational domain.

Figure 2. Boundary conditions for the computational domain

For the engine, a wall condition is imposed except for the entry for which a supersonic outlet condition is applied and for the exit for which the static temperature, the static pressure and the velocity are imposed. Figure 3 illustrates the boundary conditions for the engine. A wall condition is also imposed for the other parts of the aircraft. 

MESH ADAPTATION PROCEDURE AND ANALYSIS

To avoid large computational time and to correctly capture the interaction between the wing tip vortex and the exhaust flow during the jet phase which is of interest for contrails modelling, the mesh needs to be optimised in the areas of interest, where detailed physical must be captured. To distinguish those zones, a mesh adaptation technique using FEFLO [START_REF] Loseille | Achievement of second order mesh convergence for discontinuous flows with adapted unstructured mesh adaptation[END_REF] is performed. This software uses a surface and volume anisotropic re-meshing based on a prescribed Riemannian metric field. The mesh adaptation aims to reduce the interpolation error in the field, which means the difference between calculated and exact solutions. The algorithm for steady simulations is described by the following steps:  Discretization of the field by generating an initial coarse mesh  Computation of the flow field on the mesh.  Estimation of the metric-based error  Modification of the mesh with respect to these metric fields.  Projection of the surface mesh onto the true geometry using the CAD data  Interpolation of the flow solution on the new adapted mesh  Go back to step 2

The parameter 𝑉 𝑡 used for optimization is defined by:

𝑉 𝑡 = √ ∑(𝑉 𝑗 -𝑉 𝑗,𝑎 ) 𝑗 2 + max(|𝐾 -𝐾 𝑎 |, 𝐾 𝑎 ), ( 9 
)
with 𝑉 𝑗,𝑎 the 𝑗 component of the upwind velocity and 𝐾 𝑎 the turbulent kinetic energy of the ambient atmosphere. This parameter takes into account two terms. The first one characterizes the velocity regarding the upwind flow. The second measures the impact of the turbulent kinetic energy in the plume compared to the ambient one. The mesh refinement depends on another parameter, the complexity 𝑐. This parameter characterizes the number of cells. When using FEFLO, it is advised to make 3 mesh refinements for each chosen complexity. Gradually increasing the complexity is then a good strategy to get more and more details on areas of interest. In this study, three complexities are chosen: 20000, 40000 and 70000. The grid mesh optimization is stopped after 3 refinements for the complexity of 70000. This choice is motivated by a compromise between the computational cost and vortices details. The Table 3 shows the mesh characteristics for each step of the mesh adaptation. For the first mesh (top left) refinement, the number of tetrahedrons decreases significantly despite a better characterization of the flow because the initial mesh far from the aircraft is too fine. The global mesh of the box is presented in Figure 4. For the initial mesh, a small area around the aircraft is refined. After the first mesh adaptation steps, two refined zones appear. The first one corresponds to the plume behind the aircraft. Another refined zone corresponds to the different shockwaves that are created due to the aircraft moving at supersonic speed. Indeed, the velocity flow is strongly impacted by the shockwave which explains the mesh adaptation in those areas. The higher the complexity, the more refined the mesh. In other regions inside the box, the mesh is coarser when the mesh adaptation is used than for the initial mesh. A zoom on the shockwaves on lateral cuts is presented in Figure 5. For the initial mesh, the area around the aircraft is refined. After 3 refinements for a complexity of 20000, the mesh starts to follow the corresponding shockwaves. For the complexity of 40000, the plume starts to be refined enough to be seen just with the mesh. Finally for the complexity of 70000, both the plume and the shockwaves are refined enough to be distinguishable. A multitude of shockwaves appears due to the geometry of the aircraft. On Figure 6 are presented transversal cuts of the mesh behind the aircraft. The vortex starts to visually appear on the mesh 20 spans behind the aircraft for a complexity of 40000. For lower complexities and for the initial mesh, the mesh is not capturing the vortex this far its formation. For the latest complexity, the interaction between the exhaust flow and the wing tip vortex on the mesh is appearing clearer.

Figure 5. Lateral cut of the mesh for the grid meshes 1, 4, 7 and 10 as defined in Table 3 a) b) c) Figure 6. Transversal cut of the mesh for the grid meshes 1, 4, 7 and 10 as defined in Table 3 On Figure 7 are presented transversal cuts of the temperature field behind the aircraft. For the initial mesh, the temperature seems homogeneous 5 spans behind the aircraft and for higher distances, which is due to a strong numerical dissipation, illustrating a bad mesh quality. For other meshes, the high temperature is concentrated in a small area at 5 spans behind the aircraft. The vortex starts to make an impact on the plume as it extends this area, which is noticeable for the complexities 40000 and 70000. For higher distances, the temperature decreases due to dissipation but remains higher on the boundary of the wing tip vortex, which is due to the interaction between the exhaust flow and the vortex. 

Circulation study

To check that the vortex is correctly estimated, some criteria must be verified. First the vortex must be spatially discretized enough far from the aircraft. This is verified for the last mesh as noticed in Figure 6: there are more than 15 cells to characterize the velocity profile along any radius inside the vortex. The second criterion concerns the conservation of the circulation. If the mesh is correctly adapted, the circulation behind the aircraft must be conserved until the end of the domain.

The circulation due to the aircraft is calculated in several planes orthogonal to the flow direction by integrating the vortex vector defined by:

𝜔 ⃗ ⃗ = 𝑟𝑜𝑡 ⃗⃗⃗⃗⃗⃗ 𝑉 ⃗ . (10) 
For an upwind flow following the 𝑥 axis, the circulation is then defined by:

𝛤 = ∬ ( 𝜕𝑉 𝑧 𝜕𝑦 - 𝜕𝑉 𝑦 𝜕𝑧 ) 𝑑𝑦𝑑𝑧 𝑦,𝑧 . ( 11 
)
Figure 8. Circulation versus the normalized distance behind the aircraft for all complexities Figure 8 presents the circulation versus the distance behind the aircraft. For the initial mesh, a fast decrease of the circulation is observed as the vortex gets far from the aircraft, which shows that the mesh is not refined enough to correctly model the jet phase. Some fluctuations are observed for all the meshes whose amplitudes decrease with the number of mesh adaptation. Those fluctuations may be due to some interpolation errors as the circulation is calculated in planar cuts in a strongly anisotropic mesh, but remain small for the last mesh, with a maximum of 1% regarding the maximum amplitude. Ignoring the slight fluctuations, a conservation of the circulation is observed as the wing tip vortex is convected downstream. The circulation is around 345.8 m²/s which can be compared to the theoretical value deduced from the lift 𝐹 𝐿 :

𝛤 = 𝐹 𝐿 𝑏𝜌 𝑎 ‖𝑉 ⃗ 𝑎 ‖ , (12) 
with 𝑏 the wing span. By combining the relations (5)( 6) and ( 12), the circulation becomes:

𝛤 = 2𝛼‖𝑉 ⃗ 𝑎 ‖𝑆 𝑟𝑒𝑓 𝑏√𝑀 2 -1 . ( 13 
)
The theoretical value is then 𝛤 = 366.5 𝑚²/𝑠. The value of the circulation obtained with the simulation is thus close to the theoretical value, with an error lower than 6%. Another estimation of the circulation is possible by assuming that the aircraft in cruise regime can be approximated as an elliptically loaded wing [START_REF] Abegglen | Effective density and mass-mobility exponents of particulate matter in aircraft turbine exhaust: Dependance on engine thrust and particle size[END_REF][10] [START_REF] Jacquin | The properties of a transport aircraft wake in the extended near field: an experimental study[END_REF]:

𝛤 = 𝑚𝑔 𝐵 0 𝜌 𝑎 ‖𝑉 ⃗ 𝑎 ‖ , ( 14 
)
with 𝑚 the mass of the aircraft and 𝐵 0 the vortex spacing defined by:

𝐵 0 = 𝜋 4 𝑏. ( 15 
)
with 𝑏 the aircraft span. The empty weight of the aircraft is 20228 kg and the full fuel weight is 45000 kg, which gives respectively 𝛤 = 234 𝑚²/𝑠 and 𝛤 = 520 𝑚²/𝑠. The value of 𝛤 = 367 𝑚²/𝑠 is then within the permissible circulation range.

Vortex study

The third criterion concerns the vortex evolution. As the wing vortex is brought downstream, it goes down and its descent speed can be theoretically calculated with the following equation [START_REF] Paoli | Contrail Modeling and Simulation[END_REF]:

𝑉 𝑑𝑒𝑠𝑐𝑒𝑛𝑡 = 2𝛤 𝜋 2 𝑏 , ( 16 
)
As the circulation is close to 350 m²/s, the wing tip vortex descent speed is close to 4.8 m/s. The simulated vortex descent speed is around 5.2 m/s, which is close to the theoretical value. The difference can be caused by the additional effect of the tailplane that is taken into account by the simulation. The temporal evolution of the wing tip vortex center position 𝑧 𝑟 is represented in Figure 9 with red crosses and its linearized evolution with the black line. Finally, the last criterion concerns the radius growth of the wing-tip vortex as it is transported far behind from the aircraft. This radius must remain lower than the mean chord of the aircraft to be assured that the numerical dissipation due to the mesh remains negligible. For the E-19 Aeolus jet, the mean chord length of the wing is 11.2 m. The evolution of the vortex radius for all complexities is presented in Figure 10. For each case, the vortex radius is calculated in transversal cuts every meter behind the aircraft. For each planar cut, the maximum of the vorticity magnitude is spotted and corresponds to the vortex center. The radius is calculated by measuring the distance between this vortex center and the position of the maximum of azimuthal velocity. For the initial mesh, the calculated vortex radius is fluctuating a lot and is higher than the mean chord, which shows that the initial mesh is not able to correctly model the wing-tip vortex transport. When 𝑐 = 20000, the growth of the wing tip vortex seems slowed. There are still some fluctuations because of interpolation approximation. For 𝑥/𝑏 < 1, the wing-tip vortex radius as a Lamb-Oseen is overestimated and should not be taken into account. For 𝑐 = 40000 and 𝑐 = 70000, the wing-tip vortex radius linearly increases with the distance behind the aircraft with the same slope. This vortex radius is still lower than the mean chord for large distance behind the aircraft (𝑟 𝑐 = 3.15𝑚 for 𝑥/𝑏 = 23), which indicates that the vortex is not strongly dissipated by numerical effects. One can notice than even for adapted meshes, some fluctuations appear which are due to interpolation errors in the transversal cuts. 

𝑇 𝑟 = 𝑇 -𝑇 𝑎 𝑇 𝑚𝑎𝑥 -𝑇 𝑎 , 𝑉 𝑟 = 𝑉 -𝑉 𝑎 𝑉 𝑚𝑎𝑥 -𝑉 𝑎 , (17) 
where the index "max" refers to the maximum value along the streamline coming from the center of the engine exit. The physical time from the point of view of the exhaust flow is defined by:

𝑡 𝑐𝑜𝑟𝑒 = ∫ 1 𝑉 𝑐𝑜𝑟𝑒 (𝑥) 𝑑𝑥 𝑥 0 , ( 18 
)
with 𝑉 𝑐𝑜𝑟𝑒 the velocity along the streamline from the engine exit center. For the initial mesh, the normalized temperature decreases fast because of the numerical dissipation due to a coarse mesh. As the complexity increases, the mesh gets finer in the region where the vortex is transported, which explains higher normalized temperatures for longer times. After around 1s, the normalized temperature and normalized velocity get below 0.05. The dilution ratio 𝜏, defined by:

𝜏 = 1 𝑇 𝑟 = 𝑇 𝑚𝑎𝑥 -𝑇 𝑎 𝑇 -𝑇 𝑎 , (19) 
is one of the characteristic parameter of the plume. The dilution ratio for the last mesh is presented in Figure 13. Two areas appear. First, a plateau can be noticed until around 10 ms where the temperature remains quasiconstant. Then, the dilution increases following a power law:

𝜏~𝑡 𝑐𝑜𝑟𝑒 𝑛 . ( 20 
)
with 𝑛 ≈ 0.74 for this particular case. This value is close to the empirical value of 0.8 from Schumann et al. [START_REF] Schumann | Dilution of aircraft exhaust plumes at cruise altitudes[END_REF]. The dilution ratio follows a similar law in supersonic cruise when comparing with the subsonic data from [START_REF] Schumann | Dilution of aircraft exhaust plumes at cruise altitudes[END_REF]. When the plume age is below 20 ms, the dilution ratio is higher for the E-19 Aeolus jet than for the data from [START_REF] Schumann | Dilution of aircraft exhaust plumes at cruise altitudes[END_REF], which is due to a low temperature at the engine exit, characteristic for this supersonic cruise. 

Contrail model

Once the latest mesh is obtained, a gas-phase reaction scheme based on [START_REF] Kärcher | Smallscale chemical evolution of aircraft exhaust species at cruising[END_REF][15] and already used in previous studies [START_REF] Ghedhaïfi | Influence of atmospheric conditions on contrail formation: 3D simulation versus Schmidt-Appleman criterion[END_REF][4] [16][17] is implemented in CEDRE. This scheme consists of 23 species and 60 reactions, including NO x , SO x , and HO x chemistry, which is important to characterize the soot activation process. The soot particles are assumed to be spherical and monodispersed in size. Gaseous species and particles (soot and induced ice crystals) are assumed to be in dynamic and thermal equilibrium [START_REF] Khou | Spatial Simulation of Contrail Formation in Near-Field of Commercial Aircraft[END_REF]. The soot particles are transported using an Eulerian approach. In this model, the soot particles are assumed to initially be hydrophobic. Thus, to get ice crystals, the soot coating with SO 3 and H 2 SO 4 by adsorption is modelled. The activation of the soot particles is based on [START_REF] Wong | Microphysical Modeling of Ground-Level Aircraft-Emitted Aerosol Formation: Roles of Sulfur-Containing Species[END_REF]. 

Additional parametrisation

The Dalton's law gives the relation between the molar fraction and the partial pressure:

𝑋 𝐻 2 𝑂 = 𝑃 𝐻 2 𝑂 𝑃 𝑎 . ( 23 
)
By combining relations ( 21) and ( 23), the relative humidity is thus:

𝑅𝐻 = 𝑋 𝐻 2 𝑂 𝑃 𝑎 𝑃 𝑣𝑎𝑝 𝑠𝑎𝑡 𝑙𝑖𝑞 ⁄ , (24) 
which gives a relative humidity around 0.6%, which correspond to a dry ambient atmosphere.

For the engine exhaust, typical emission indices for Jet-A1 are taken for H 2 O and SO 2 : 𝐸𝐼 𝑆𝑂 2 = 1 g/kg fuel, 𝐸𝐼 𝐻 2 𝑂 = 1233 g/kg fuel. For the soot particle, the emission index in terms number is fixed to 9.64 10 14 #/kg fuel with a radius of 𝑅 𝑠 = 27 nm. Figure 14 shows slices of the ice crystals radius at different positions behind the aircraft. As the exhaust flow moves downstream, the concentration of particle spreads horizontally. On the pictures, the maximum of the radius ice particle appears when 𝑥 𝑏 ⁄ = 5, which means the flow is already cold enough to allow the formation of ice crystals. This formation happens on the top of the exhaust flow. For larger distances behind the aircraft, the ice crystals stop growing. The ice crystals remain small regarding the soot radius, with a global maximum for the radius around 30 nm. After a distance of 20 spans behind the aircraft, the ice crystals location starts to be driven by the wing-tip vortex. The growth of ice crystals may be limited by several factors. First, the water content in the ambient atmosphere is very low for the chosen conditions. Indeed, with 𝑃 𝑎 = 9750 Pa and 𝑇 𝑎 = 216.73 K, the Schmidt-Appleman criterion gives a minimum value of 𝑅𝐻 = 33% for contrail persistency [START_REF] Schumann | A contrail cirrus prediction model[END_REF]. Thus, it is not surprising that with a value of 𝑅𝐻 = 0.6%, the growth of ice crystals is stopping fast. A higher water concentration would likely allow the growth of ice crystals during a longer time. Another factor is the number of exhausted soot particles. A lower number will allow fewer nucleation sites which could promote a higher growth of the ice crystals radius. This will be prioritized in the future work.

Results

CONCLUSION

In the present study, 3D RANS simulations of the flow around the E19-Aeolus jet in cruise phase were performed with the in-house CFD code CEDRE from ONERA. A mesh adaptation procedure using the FEFLO tool from INRIA was carried out. After several iterations of mesh refinement, the obtained solution was analysed to verify if the mesh is correctly refined in the area of interest for the contrail modelling. The criteria that have been checked are: the conservation of the circulation, the mesh discretization inside the wing tipvortex, the evolution of the radius of the vortex versus the distance behind the aircraft and its descent velocity. A preliminary test was performed to model contrail formation. A first perspective to be explored in the future is the influence of ambient specific humidity and soot number emission index on the ice crystals growth rate. A second perspective is to model the contrail aging. Indeed, the RANS 3D simulations that were performed in this study are modelling a physical time of around 0.7 s after the exhaust. Now that an adapted mesh was obtained for the jet-phase, the next step will be to simulate the vortex and dissipation phases with a temporal Large Eddy Simulation method (LES) using the results from the jet-phase as initial conditions. This work will be conducted in the context of the SENECA project.
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 1 Figure 1. CAD of the E-19 Aeolus supersonic jet

Figure 3 .

 3 Figure 3. Boundary conditions for the engine
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 4 Figure 4. Global mesh of the box
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 7 Figure 7. Transversal cut of the temperature field behind the aircraft for the grid meshes 1, 4, 7 and 10 as defined in Table 3: 5 spans (a), 10 spans (b) and 20 spans (c)
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 9 Figure 9. Wing tip vortex center position versus physical time

Figure 10 .

 10 Figure 11 represents the streamlines behind the E-19 Aeolus jet. A black dashed line represents the direction of the upwind flow from the wing tip. In both figures, the exhaust flow is initially following the direction of the plane and spreads then due to its interaction with the wing tip vortex. After a distance of 20 spans, the exhaust flow, driven by the vortex, makes less than 1 turn.
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 11 Figure 11. Streamlines behind the E-19 Aeolus jet coloured by origin: orange for the engine exit, blue for the trailing edge

Figure 12 .

 12 Relative temperature (a) and relative velocity (b) versus physical time along a streamline from the engine exit

Figure 13 .

 13 Figure 13. Dilution ratio versus physical time from the engine exit for the last mesh 5. APPLICATION TO CONTRAIL MODELLING

For

  the ambient atmosphere, 21 species are added to the O 2 and N 2 species already present, including H 2 O. A H 2 O background mixing ratio representative of cruise altitude (16 to 18 km in this case study) of 3 ppm taken from [19][20]. The relative humidity RH is defined by: With 𝑃 𝐻 2 𝑂 the partial pressure of water vapor in ambient atmosphere and 𝑃 𝑣𝑎𝑝 𝑠𝑎𝑡 𝑙𝑖𝑞 ⁄the saturation vapor pressure of water, which can be estimated by the Rankine formula:

Figure 14 .

 14 Figure 14. Particle radius for different distance behind the aircraft: 𝑥 𝑏 ⁄ = 5 (𝑎), 𝑥 𝑏 ⁄ = 10 (𝑏), 𝑥 𝑏 ⁄ = 15 (𝑐), 𝑥 𝑏 ⁄ = 20 (𝑑)

  To limit the effects of the boundary on the flow, the other boundaries of the box are set far from the aircraft. The extension of the domain is around 10 spans ahead of the aircraft nose and 25 spans behind the aircraft. Both lower and upper boundaries of the box are set to 20 spans. Inside the box, the aircraft is oriented along the 𝑥 axis. The Table1presents the computational domain dimensions for the simulations carried out for this configuration. The span 𝑏 of the E-19 Aeolus jet is 14.6 m.

	Table 1. Computational domain dimensions
	𝐿 𝑥	[-10𝑏, 25𝑏]
	𝐿 𝑦	[0, 20𝑏]
	𝐿 𝑧	[-20𝑏, 20𝑏]

Table 2 .

 2 Boundary conditions of the box

	Boundary	Position	Condition
	Inlet	𝑥 = -10𝑏	V,T,P imposed
	Outlet	𝑥 = 20𝑏	Supersonic outlet
	Left	𝑦 = -20𝑏	Slip
	Symmetry	𝑦 = 0𝑏	Symmetry
	Bottom	𝑧 = -20𝑏	V,T,P imposed
	Top	𝑧 = 20𝑏	Supersonic outlet

Table 3 .

 3 Grid mesh characteristics Grid Mesh

		Complexity	Number of
			tetrahedrons
	1	-	5,817,083
	4	20,000	2,986,988
	7	40,000	3,943,205
	10	70,000	5,064,171
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